The purpose of this study was to investigate the spatial similarity of vocal tract shaping patterns across speakers and the similarity of their acoustic effects. Vocal tract area functions for 11 American English vowels were obtained from six speakers, three female and three male, using magnetic resonance imaging ͑MRI͒. Each speaker's set of area functions was then decomposed into mean area vectors and representative modes ͑eigenvectors͒ using principal components analysis ͑PCA͒. Three modes accounted for more than 90% of the variance in the original data sets for each speaker. The general shapes of the first two modes were found to be highly correlated across all six speakers. To demonstrate the acoustic effects of each mode, both in isolation and combined, a mapping between the mode scaling coefficients and ͓F1, F2͔ pairs was generated for each speaker. The mappings were unique for all six speakers in terms of the exact shape of the ͓F1, F2͔ vowel space, but the general effect of the modes was the same in each case. The results support the idea that the modes provide a common system for perturbing a unique underlying neutral vocal tract shape.
I. INTRODUCTION
The upper airway in humans, extending from the larynx to the lips, is utilized as a conduit for the physiologic processes of respiration, deglutition, and sound production. Each physiologic function requires specific types of coordinated articulatory movement involving the larynx, tongue soft palate, lips, and jaw to accomplish a particular goal. For respiration, the vocal folds must be abducted and, depending on the amount of oxygen needed, the jaw may be lowered and the tongue moved anteriorly and inferiorly to allow a high volume of air to flow into the lungs. A typical swallow proceeds as a sequence of distinct "phases" in which movements of articulatory structures, and their generated forces are precisely orchestrated to propel a bolus of food or liquid through the oral cavity, the pharynx, and eventually into the esophagus and stomach ͑e.g., Logeman, 1983͒. For both respiration and deglutition, the goals of the process are to achieve the efficient transport of fluids and solids to a destination ͑i.e., lungs and stomach͒. In contrast, the goals of speech production require that the articulatory system not only transport sound waves from the larynx to the lips, but also transform them into highly structured, linguistically relevant sounds.
The transformation of sounds, produced by vocal fold vibration or other sources, into speech is accomplished through specific shapes and shape changes of the tubelike structure formed collectively by the epilarynx, pharynx, and oral cavity ͑henceforth referred to as the "vocal tract"͒. This vocal tract tube creates an acoustic filter whose resonances generate enhanced regions of amplitude ͑i.e., formant frequencies͒ that are observable in the spectrum of a speech signal. The relation between vocal tract shape and the acoustic characteristics it generates, especially formant frequencies, is known to be nonlinear ͑e.g., Fant, 1960; Stevens and House, 1955͒ and , theoretically, many-to-one ͑Schroeder, 1967; Mermelstein, 1967͒. But even though many possible vocal tract shapes can support the same pattern of formant frequencies, speakers easily coordinate the actions of the articulators, efficiently modifying the vocal tract shape over time, to produce a coarticulated stream of intelligible speech sounds. Thus, part of understanding speech production is to know how the vocal tract shape, represented as a tubular entity, may be systematically controlled to specify and simplify its relation to the formant frequencies.
While all of the articulators potentially contribute to any particular vocal tract shape, it is largely dominated by the configuration of the tongue. This is evidenced by common use of the high/low and front/back descriptors for tongue position in vowel production and implies a simple relation to formant frequencies. Quantitative studies tend to support a view that the tongue shape can be described by underlying patterns of spatial deformation. Harshman et al. ͑1977͒ statistically decomposed tongue profiles of ten English vowels taken from midsagittal x-ray pictures into basic displacement patterns called "factors." They found that only two factors were needed to reconstruct the profiles within a small error of the originals. Furthermore, the factors had an apparent articulatory phonetic interpretation. The first indicated a forward movement of the tongue root along with an elevation of the front of the tongue; this was suggested to correspond to the action of the genioglossus muscle. The second factor produced an upward and backward movement of the tongue a͒ which was compared to the action of the styloglossus muscle. Nearly parallel to this work was research reported by Shirai and Honda ͑1977͒, who also represented midsagittal tongue shapes with two empirically determined displacement patterns. The shapes were generally similar to those of Harshman et al. ͑1977͒ . Using tongue shapes obtained from cineradiographic tracings for Icelandic speakers, Jackson ͑1988͒ reported that three factors were necessary to describe Icelandic vowels, where the second factor was of significantly different shape than that reported by Harshman et al. ͑1977͒ . A reanalysis of these data by Nix et al. ͑1996͒, however, showed that two factors could, in fact, describe the Icelandic tongue shapes too. More recently, Zheng et al. ͑2003͒ have applied a factor analysis to tongue shapes determined from 3-D image sets based on MRI. While their results were not identical to previous studies, they suggest that a large percentage of the variance in tongue shape for vowels can be described with two shaping factors.
Although in a strict sense "factors" are only a statistical description of tongue shape, a physiologic basis for them was reported by Maeda and Honda ͑1994͒. During vowel production, the electromyographic activity of two antagonistic muscle pairs, hyoglossus ͑HG͒-genioglossus posterior ͑GGp͒ and styloglossus ͑SG͒-genioglossus anterior ͑GGa͒, was observed to coincide with the spatial tongue shaping characteristics of two factors that had been derived from midsagittal images of the vocal tract. The vowel-dependent differential activity of each antagonistic pair was also shown to form a vowel triangle much like that of the first two formant frequencies ͑Kusakawa et al., 1993͒. To further investigate the relation between muscle activity patterns, vocal tract shape, and formant frequencies, Maeda and Honda ͑1994͒ used the analyzed EMG activities ͑of the HG-GGp and SG-GGa pairs͒ as the driving input to an articulatory model based primarily on two tongue shaping patterns ͓simi-lar to the factors derived by Harshman et al. ͑1977͔͒ . The results were F1-F2 patterns that corresponded closely to measured formant values and led them to state: "We speculate the brain optimally exploits the morphology of the vocal tract and the kinematic functions of the tongue muscles so that the mappings from the muscle activities ͑production͒ to the acoustic patterns ͑perception͒ are simple and robust."
The results of these experiments suggest that tongue shaping patterns obtained from statistical analyses may capture the spatial, and perhaps kinematic, representation of a coordinated pattern of individual articulator positions or movements that is directly related to the acoustic characteristics of speech. This is similar to the concept of "coordinative structures" or "synergies" that has been proposed as the means by which a potentially large number of articulatory degrees of freedom can be significantly reduced to enable the efficient production of phonetically relevant gestures ͑e.g., Kelso et al., 1986; Fowler and Saltzman, 1993͒ . In a review of movement control and speech production literature, Löfqvist ͑1997͒ defines coordinative structures as "…link-ages between muscles that are set up for the execution of specific tasks," and further that they are "…a set of constraints between muscles that are set up to make the set of muscles behave as a unit." Thus, the observed relation between tongue shaping patterns ͑e.g., factors͒ and muscle activations appears to represent some underlying synergy of muscles controlled as a functional unit for the production of speech. Whether or not the nature of such functional units is specific to speech is still an open question, however. Perrier et al. ͑2000͒ proposed that the two degrees of freedom expressed by factor analyses of the tongue have an anatomical and biomechanical basis. Using a model of the tongue that included a representation of the lingual musculature, they showed that much of the variation in tongue shape ͑84%͒ allowed by the model could be described by two factors with shapes similar to those reported by Nix et al. ͑1996͒ . Thus, biomechanical constraints, as well as task-specific constraints, may play a role in reducing the degrees of articulatory freedom.
While tongue shape for vowel production apparently has a consistent, systematic description, similar analyses of area functions ͑i.e., cross-sectional area of the upper airway as a function of distance from the glottis͒ have indicated that control of the vocal tract shape may also be characterized by a small set of spatial deformation patterns that extend over the entire length of the vocal tract. Story and Titze ͑1998͒ applied a principal components analysis ͑PCA͒ to a set of MRIbased area functions for ten vowels from an adult male speaker. The two most significant orthogonal components accounted for nearly 88% of the total variance in the set of area functions. When the first component was superimposed on the mean area function in isolation and weighted with its minimum ͑negative͒ coefficient, the area function approximated an ͓i͔ vowel and produced widely spaced F1 and F2 formant frequencies. Conversely, when weighted with its maximum coefficient, an ͓Ä͔-like shape and closely spaced F1 and F2 frequencies were produced. Similar isolated weightings of the second component showed that it specified area functions and formants approximately representative of ͓ae͔ and ͓o͔. Combinations of incremental coefficient weights for both components led to development of an area function model that can generate a wide variety of vocal tract shapes that were not included in the original set of area functions, and produce a nearly one-to-one mapping between component coefficients ͑weights͒ and the F1-F2 vowel space ͑Story and Story, 2005͒. Other studies based on principal components analysis of area functions derived from sagittal x-ray images ͑Meyer et al., 1989; Yehia et al., 1996͒ have also shown that two to five components account for the majority of the variance in their respective data sets.
It is noteworthy that a similar system of spatial shaping patterns has been determined for hand postures. Santello et al. ͑1998͒ recorded spatial coordinates from sensors on subjects' hands while they grasped 57 different objects with wide variations in shape ͑analogous to speakers producing a variety of vowel sounds in an MRI scanner͒. A PCA performed on the coordinates indicated that, for each subject, two principal components could account for greater than 80% of the variance in hand posture. A model for controlling the general shape of the hand was developed based on superimposing coefficient weighted components, either in isolation or combination, on the mean hand shape. In this manner, many hand shapes not in the original set could be produced. Santello et al. note that if control of the general shape of the hand were based on the principal components, the number of degrees of freedom would be significantly reduced. Drawing on the concepts of Macpherson ͑1991͒, they further suggested that each component represents a postural "synergy" between individual muscles of the hand that can be utilized alone or in combination with other synergies ͑i.e., another principal component͒.
An area function representation of the vocal tract is, strictly, only a description of the nonuniform shape of a tubular structure and cannot necessarily be considered an "articulatory" representation. Based on definitions of coordinative structures ͑e.g., Löfqvist, 1997͒, and also by analogy to Santello et al. ͑1998͒ , however, it is conceivable that the principal components derived from a set of vowel area functions ͑e.g., Story and Titze, 1998͒ could represent some form of synergy of muscles associated with individual articulators, that facilitates the production of predictable patterns of formant frequencies ͑cf. Story, 2004͒ . While speculative at this point, the idea is consistent with Gracco's ͑1992͒ statement that speech motor control is apparently "organized at a functional level according to sound-producing vocal tract actions." Story and Titze ͑1998͒ referred to the principal components in their model as "modes" to emphasize a similarity to a modal decomposition of a dynamical system into natural modes. Hence, to the degree that they capture some aspect of possible muscle synergies, the modes may be conceptualized as "synergistic modes."
To date, modes or principal components reported for area functions measured with 3-D imaging techniques ͑e.g., MRI͒ have been based on only one adult male speaker's area function set ͑Story et al., 1996͒. While they provide an efficient parametric representation of the vocal tract area function under both normal and perturbed conditions ͑Story, 2004, 2005͒, it is necessary to obtain mode shapes for additional speakers to determine if the concept of area function modes can be generalized. This study was motivated by a simple question: Are synergistic modes, based on area functions, similar across speakers? The specific aims of the project were to ͑1͒ acquire area functions for vocal tract shapes of vowels from six speakers ͑three adult males and three adult females͒ using magnetic resonance imaging ͑MRI͒, ͑2͒ compare formant frequencies extracted from acoustic recordings to those calculated for each area function, ͑3͒ determine mode shapes and coefficient weights for each speaker's area function set and compare across speakers, and ͑4͒ calculate the effects of the modes on the first two formant frequencies ͑F1 and F2͒ for each speaker.
II. ACQUISITION AND ANALYSIS OF IMAGES AND AUDIO SAMPLES

A. Image collection
Magnetic resonance imaging ͑MRI͒ was used to obtain volumetric image sets for a variety of vocal tract shapes from three male and three female speakers. The vocal tract shapes corresponded to each speaker's production of the American English vowels ͓i, (, e, , ae, #, Ä, Å, o, *, u͔. Image sets for ͓l͔, ͓É͔, the nasal tract, and trachea were also obtained but will not be reported in this article.
The six speakers were recruited from the student, faculty, and staff population at the University of Arizona. They will be identified in this article as SF1, SF2, SF3, SM1, SM2, and SM3, where the "F" denotes female and "M" male. None of the speakers had any specialized voice or speech training ͑e.g., singing, acting, etc.͒, although it may be noted that all three female speakers were students in the Department of Speech, Language, and Hearing Sciences. Five of the speakers had no history of speech, language, or hearing disorders. SM2 reported a cleft of his soft palate that had been surgically repaired at approximately 2.5 years of age. At the time of image collection his speech was judged to be normal. The age of each speaker is shown in Table I , along with the geographic area they reported as being most representative of their "growing up" years.
Prior to image collection, each speaker participated in three practice/training sessions. The purpose was to present the speakers with some of the conditions that are experienced in the MR scanner and to provide them with ample time to practice producing the set of speech sounds under these conditions. They were first given earplugs to partially simulate the limited auditory feedback conditions in the MR scanner. Then while lying supine on a cushioned table in a sound treated room, they practiced sustaining each speech sound. Throughout each session an emphasis was placed on the concentration required to maintain a steady vocal tract shape. A high-quality digital audio tape recording of the third session was made and later used for formant frequency analysis.
The MR images were acquired with a General Electric Signa 1.5-T scanner at the University of Arizona Medical Center. The data acquisition mode was fast spin echo and the scanning parameters were set to TE= 13 ms, TR= 4000 ms, ETL= 16 ms, and NEX= 2. During each speaker's production of a particular vocal tract shape, a 24-30 slice series was collected with an interleaved acquisition sequence. Each image set consisted of contiguous, parallel, axial sections ͑slices͒ extending from a location just superior of the hard palate to an inferior location near the first tracheal ring. The field of view ͑slice dimensions͒ for each slice was 24 cm ϫ 24 cm which, with a pixel matrix of 256ϫ 256, provided an in-plane spatial resolution of 0.938 mm/ pixel. Image collection for the female speakers was performed in late 2001 and early 2002, and at that time only a flexible anterior neck coil was available. By the time that the male speakers were imaged in the summer of 2003, a new rigid, anterior/ posterior neck coil had been obtained and was used for the acquisition of their image data. The newer coil produced slightly better image quality and allowed thinner slices to be obtained. Thus, the image slice thickness was 5 mm for all of the female data and 4 mm for the male data. After the subject had been positioned in the MR scanner ͓see Story et al. ͑1996, 1998͒ for more details͔, the image acquisition protocol proceeded as follows. For a specific vocal tract shape, a corresponding example word ͑hVd context for each vowel, "luck" and "earth" for ͓l͔ and ͓É͔, respectively͒ was spoken to the subject over the intercom. The subject was then asked to produce a sustained version of the particular speech sound that the investigator verified before beginning the actual image acquisition. When the subject was ready he/she began phonation and the MR technologist followed by initiating the scan. After 8 s the scan was paused to allow time for the subject to breathe. The scanning was continued when the subject resumed phonation. The scanning time required for each image set ͑i.e., for one complete tract shape͒ was 4 min and 16 s which required approximately 30 repetitions. With pauses for respiration between repetitions, each image set was completed in about 10-15 min. Because of the potential for vocal and general physical fatigue, the image collection for each speaker was separated into at least two sessions which occurred different days.
B. Image analysis
The first step in the image analysis procedure was the application of an airway segmentation technique and was followed by shape-based interpolation to generate a 3-D reconstruction of each vocal tract shape ͓identical to methods reported in Story et al. ͑1996, 1998͔͒ . Based on raw images and 3-D reconstructions, the location of the glottis was determined, and a point just above it was identified as the inlet to the vocal tract. Cross-sectional areas between this point and the lip termination were obtained by first finding the centerline through the 3-D reconstruction with an iterative bisection algorithm ͑see Story et al., 1996, p. 542͒ . Areas were then measured from oblique sections calculated to be locally perpendicular to the centerline. The collection of these areas extending from just above the glottis to the lips, along with the distance of each cross section from the glottis, comprises the area function. Each area function was subsequently resampled with a cubic spline from which 44 area sections 1 were obtained at equal length increments. A smoothing filter was also applied to remove small discontinuities assumed to be imaging artifacts ͑see Story et al., 2001 .
The piriform sinuses were segmented in each image set and included in the shape-based interpolation. Their shapes and sizes, however, were not generally consistent across the vowels of a given speaker and were, in many cases, discontinuous with the main vocal tract. While the vowel dependency of the piriform sinuses may be an interesting study in itself, including this component was considered to be beyond the scope of the present study. Hence, their cross-sectional areas are not reported here.
An area function can be considered to be comprised of two components, an area vector and a length vector. The area vector A͑i͒ contains the N = 44 cross-sectional areas, assumed to represent a concatenation of "tubelets" ordered consecutively from glottis to lips. The index i denotes this ordering and extends from 1 to N. Similarly, a length vector L͑i͒ contains N = 44 elements representing the length ⌬ of each tubelet ͑i.e., distance increment between consecutive x-sect. areas͒.
2 A cumulative length vector X͑i͒ representing the actual distance from the glottis can be derived from L as
An area function can be shown graphically by plotting A͑i͒ versus X͑i͒. An example is given in Fig. 1 for speaker SF1's ͓i͔ vowel where the "stair-step" plot indicates the discretization of the vocal tract shape into consecutive tubelets, each of length ⌬. For graphical clarity in subsequent plots, the area functions will be shown with a smooth curve rather than in stair-step fashion ͑e.g., see the thin, smooth line in Fig. 1͒ .
C. Audio recording, analysis, and theoretical calculation of formants
As stated in Sec. II A, the third practice session for each speaker was recorded onto digital audio tape and served as the high-quality recording used for formant frequency analysis. The audio signal was transduced with an AKG CK92 microphone that was positioned 30 cm from the speaker and off-axis at 45°. An electroglottographic ͑Glottal Enterprises, EG-2͒ signal was simultaneously recorded on the second channel of the digital tape. This signal was intended to be used in later studies for the accurate extraction of fundamental frequency and detection of voicing.
The recordings were transferred to digital files and then downsampled from 44.1 to 22.05 kHz. Formant frequencies were obtained with a LPC algorithm ͑autocorrelation method͒ written in Matlab that first estimated the frequency response over a 25-ms window and then found the formants with a peak-picking technique. For the vowels of the female speakers, 16-20 LPC coefficients were used, whereas, for the male vowels 26 coefficients were used. This technique was applied to consecutive 25-ms windows ͑with 12.5-ms overlap͒ over the time course of each vowel sample which ranged from 4 to 8 s. Thus, with more than 150 sets of formant values obtained for each vowel, the standard deviations reported in Sec. III refer to the variability of a given formant over the time course of a sustained vowel. For each vowel, the mean fundamental frequency was also estimated.
Frequency response functions were calculated for each area function with a frequency-domain technique based on cascaded "ABCD" matrices ͑Sondhi and Schroeter, 1987; but specifically as presented in Story et al., 2000͒ . This calculation included energy losses due to yielding walls, viscosity, heat conduction, and radiation. Formant frequencies were determined by finding the peaks in the frequency response functions.
III. AREA FUNCTIONS AND FORMANT FREQUENCIES
Area functions for vowels produced by the six speakers are presented in Figs. 2-5. Within each figure panel, three area functions are plotted that correspond to a particular vowel for either the three female speakers ͑Figs. 2 and 3͒ or the three male speakers ͑Figs. 4 and 5͒. These data are tabulated numerically in vector form in Appendix A.
A. Female speakers
A general observation that can be made from Figs. 2 and 3 is that the vocal tract length for SF2 was consistently shorter than the other two speakers. She, in fact, had a mean tract length of 13.8 cm, whereas for SF1 and SF3 the mean lengths were 14.4 and 15.4 cm, respectively. Taking the length differences into account, the gross shape of each FIG. 2 . Area functions for the six vowels, ͓i, (, e, , ae, #͔, produced by three female speakers. Each plot shows one of the vowels for all three speakers and is identified with the corresponding IPA symbol. The thick solid line represents SF1, the dashed line represents SF2, and the thin solid line is for SF3.
vowel, in terms of the location of major constrictions and expansions, is fairly similar across the three speakers. Some notable exceptions are the wide opening at the lips for SF3's ͓e͔ and SF2's ͓͔, the large oral cavity areas for SF3's ͓ae͔, and the wide lower pharyngeal space of SF2's ͓o͔. The shape of area functions for the corner vowels, ͓i, ae, Ä, u͔, all reasonably fit expected, prototypical vocal tract configurations of high/low and front/back vowels. The area functions for vowels that exist between the "corners" tend to be somewhat more unique to the speaker.
All three female speakers produced relatively small areas just superior to the glottis. Often referred to as the epilaryngeal space or tube, cross-sectional areas in this region averaged about 0.25 cm 2 . The artificial speaking conditions imposed by the MR scanner ͑e.g., supine position, highly restricted movement, interfering sounds͒ likely affect the configuration in this part of the vocal tract because they force the speaker to produce "loud" speech ͑Story et al., 1998͒. But a constricted epilarynx has also been theoretically implicated as a means by which phonation threshold pressure may be reduced ͑Titze and Story, 1997͒. Thus, it is possible that speakers may constrict this part of the vocal tract to a similar degree during normal speech production.
Comparisons of measured and calculated formant frequencies for the female speakers are given in Tables II-IV. The first row in each table contains the mean fundamental frequency produced during the sustained production of a particular vowel. Measurements of the first three formant frequencies and their respective standard deviations are shown in the next six rows. Each formant is labeled with the superscript N to denote "natural" speech. In the next three rows are the calculated formant frequencies based on the area functions; a superscript C is used to denote that they are "calculated." Finally, the percentage errors between measured and calculated formants are given in the bottom three rows. Positive errors indicate that a calculated formant was an overestimation of its measured counterpart, whereas negative errors suggest the opposite.
Across the three speakers, the tabulated errors range from an absolute minimum of −0.1% for the second formant of SF2's ͓͔ vowel to a maximum of 31.4% for the third formant of SF3's ͓i͔. While a large error such as 30% or more is undesirable, it is noted that over half of the errors shown in the tables are less than 10%, and more than a third are less than 5%. It is also noted that the smallest combined error occurs for each speaker's ͓ae͔ vowel. This may be coincidental but perhaps there is some characteristic of ͓ae͔, either acoustic or articulatory, that facilitates a more consistent production than other vowels.
B. Male speakers
The area functions for the three male speakers are shown in Figs. 4 and 5. Consistent with the plots for the females, each figure panel contains three area functions corresponding to a particular vowel, except for the ͓͔ in Fig. 4 , where area functions are shown only for speakers SM1 and SM3. Because of movement artifact, the 3-D reconstruction of SM2's ͓͔ vowel produced a discontinuous air space, and hence an area function could not be determined.
The ͓i͔ vowel was produced by all three male speakers with similar vocal tract configurations, both in terms of cross-sectional area distribution and vocal tract length. The expanded pharynx and constricted oral cavity are prototypical for an ͓i͔ vowel. There were, however, slight differences in the location and extent of the oral cavity constrictions which, because of their small cross-sectional areas, could FIG. 4 . Area functions for the six vowels, ͓i, (, e, , ae, #͔, produced by three male speakers. Each plot shows one of the vowels for all three speakers and is identified with the corresponding IPA symbol. The thick solid line represents SM1, the dashed line represents SM2, and the thin solid line is for SM3. For reasons explained in the text, an area function for SM2's ͓͔ is not shown. have significant effects on the acoustic characteristics. The gross shape of the area functions for the other corner vowels, ͓ae, Ä, u͔, were also fairly prototypical, but were produced quite differently by each speaker. In particular, the crosssectional area within the oral cavity for SM1's version of these vowels, as well as for ͓Å͔, is considerably smaller than in those of the other two speakers. SM1 also exhibited a comparatively shorter tract length for both the ͓Ä͔ and ͓o͔ vowels. The vowels ͓i͔, ͓e͔, ͓͔, and ͓#͔ were similarly shaped for each speaker, although SM2 does maintain slightly larger areas in the lower pharyngeal portion for these vowels. For the ͓*͔ vowel, SM2 produced a tract shape with an expansion in the pharynx and oral cavity somewhat like an ͓u͔, whereas SM1 and SM3 kept the cross-sectional area nearly constant except at the glottal and lip ends.
Similar to the females, the cross-sectional areas representing the epilaryngeal portion of the vocal tract were less than 1 cm 2 for all of the vowels produced by each speaker. The mean area in this region, however, was roughly 0.5 cm 2 , which is about twice that measured for the female speakers. Also in comparison to the females, the epilarynx for each male was more distinctly shaped like a tube. This was true for most of vowels where the area remained on the order of 0.5 cm 2 over a distance of about 1.5-2 cm from the glottis. Beyond this point, the cross-sectional area tended to increase rapidly.
Comparisons of measured and calculated formant frequencies are shown in Tables V-VII. The data are arranged in exactly the same format as they were for the female speakers. The absolute minimum error is −0.1% for the first formant in SM2's ͓e͔ and ͓Å͔ vowels. The maximum error of 48.5% occurs in the second formant for SM3's ͓u͔; the next largest error is −28.8% for the third formant of SM3's ͓e͔. Notwithstanding these largest errors, the match between TABLE II. Fundamental frequencies F 0 and measured and calculated formants for the 11 vowels of speaker SF1. Each measured formant ͑denoted by superscript "N"͒ is the mean across several seconds of recording and sd is the standard deviation. The calculated formant values are denoted by "C." The ⌬'s represent the percent error of the computed formants relative to the mean value of the natural speech formants ͑e.g., ⌬1 = 100͑F1 measured and calculated formants for all of the vowels produced by each of the three speakers is reasonably accurate. Nearly two-thirds of the errors were calculated to be less than 10% and more than a third were less than 5%.
IV. "SYNERGISTIC" MODES
Based on visual inspection, and comparison of calculated and measured formant frequencies, it was assumed that the six sets of area functions provide a reasonable "sampling" of possible vocal tract configurations used by each speaker to produce these vowels. From this "sampling," a set of modes, as defined in the Introduction, are reported for each speaker. The similarity of the modes across speakers was assessed visually, with correlation analysis and with an acoustic mapping technique.
A. Principal components analysis
The collection of area vectors for a given speaker ͑i.e., Tables XI-XVI͒ can be represented in matrix form as A͑i , j͒, where i is the area index as defined in Sec. II B, and j denotes the particular vowel in the left-to-right order used in the tables in Appendix A ͑i.e., j = 1 for ͓i͔, j = 2 for ͓(͔…, j = 11 for ͓u͔͒. A principal components analysis ͑PCA͒ was used to derive, for each of the six A͑i , j͒'s, a set of orthogonal eigenvectors representing the prominent vocal tract shaping features utilized by each speaker. Following Story and Titze ͑1998͒, the PCA was performed on the equivalent diameters of the cross-sectional areas rather than on the areas themselves.
3 Thus, an area matrix A͑i , j͒ was first converted to a diameter matrix D͑i , j͒ by
A͑i, j͒. ͑2͒
The square root operation has the effect of compressing and expanding the portions of a vocal tract shape with the largest and smallest areas, respectively, and has been shown to produce somewhat more accurate reconstructions of vowel configurations than a PCA performed on areas alone ͑Story and Titze, 1998͒. The next step was to assume that a speaker's D͑i , j͒ can be represented by a mean and variable part,
where ⍀͑i͒ is the mean diameter vector across D͑i , j͒, and ␣͑i , j͒ is the variation superimposed on ⍀͑i͒ to produce a specific diameter vector. The PCA was then carried out by calculating the eigenvectors of a covariance matrix formed with ␣͑i , j͒. The specific implementation was essentially the same method as reported in Story and Titze ͑1998͒, and results in the following parametric representation of the original area matrix,
where the k ͑i͒'s are 44-element eigenvectors that, when multiplied by the appropriate scaling coefficients q k ͑j͒, will reconstruct each area vector in A͑i , j͒. As explained in the Introduction, the eigenvectors or principal components obtained from the area vector matrices have been called modes and will henceforth be referred to as such.
This particular implementation of the PCA effectively normalizes the vocal tract lengths for each speaker's vowels by excluding the length data in the analysis. That is, for each speaker's A͑i , j͒, and subsequent D͑i , j͒, the ith section was assumed to correspond to the same location within the vocal tract. This is not strictly true because each area function in Tables XI-XV has its own unique length increment ⌬, thus the distance of the ith tubelet from the glottis is vowel dependent. Comparisons of the formant frequencies calculated with the actual lengths of each area function to those based on the normalized length showed approximately a 5% shift upward for the longest area function in each speaker's set and a 5% downward shift for the shortest. Whereas this approach somewhat limits the interpretation of the results, especially with regard to rounded vowels which typically have long vocal tract lengths, it simplified the execution of the PCA and facilitated the comparison of modes across speakers.
To further aid interspeaker comparison, the three modes that accounted for most of the variance in each speaker's D͑i , j͒ ͓referred to as 1 ͑i͒ , 2 ͑i͒ , 3 ͑i͔͒ have been smoothed by fitting them with eighth-order polynomials. This simplified the visual comparison of the modes but maintained their gross characteristics. The amount of variance in each speaker's diameter matrix that is accounted for by each mode was calculated based on these smoothed modes.
B. Modes and mean area functions for six speakers
Percentages of the total variance in each speaker's diameter matrix D͑i , j͒ that are accounted for by the three most significant modes are shown in Table VIII . Together, the three modes accounted for more than 90% of the variance for each speaker. The first mode, 1 , accounted for variance of over 60%, while 2 typically accounted for 20% or more. The exception was SM2 whose second mode accounted for only 12.3% of the variance in his diameter matrix, but was balanced by the high 76.2% that was attributed to his first mode. The first two modes combined accounted for a minimum of 83% of the variance for SF2 and a maximum of 91.7% for SF3. The amount of variance accounted for by 3 was no greater than 8.4% for any of the speakers. Thus, the third mode is much less significant than either 1 or 2 . The three modes are shown graphically in Fig. 6 and, for reference, are numerically tabulated in Appendix B. This figure is arranged so that the left and right columns of plots correspond to the three female and three male speakers, respectively. Each row corresponds to one of the three modes 1 , 2 , or 3 . Note that the x axis of each plot ranges from 0 to 1.0 to indicate a normalized distance from the glottis. An approximate actual distance could be obtained for each speaker by scaling the x axis with their respective mean vocal tract lengths. Associated with the plots of the three modes are their respective scaling coefficients that correspond to each speaker's vowels. These are given in Table IX , where the minimum and maximum values along each row are shown in boldface.
The first mode, shown in Figs. 6͑a͒ and 6͑b͒, presents similar characteristics for all of the speakers. The amplitude is near zero at both the glottal and lip ends, a zero crossing occurs at approximately the mid-point of the vocal tract, and negative and positive maxima occur at normalized distances of about 0.35 and 0.75, respectively. When scaled with a positive coefficient and superimposed on a mean vocal tract shape, as specified by Eq. ͑4͒, this mode would have the effect of constricting the pharyngeal portion of the tract while expanding the oral cavity; the glottal and lip ends would be minimally affected. Such a shape would be characteristic of a low-back vowel. A negative scaling coefficient would impose the opposite changes in vocal tract shape and would be suggestive of a high-front vowel. It is not surprising then that the scaling coefficient for the first mode, q 1 , shown in Table IX , is maximally positive for the ͓Å͔ vowel across all six speakers. Likewise, for every speaker, q 1 has the largest negative value for the vowel ͓i͔. It is also noted that q 1 generally increases stepwise from this most negative value toward the most positive as the vowel changes in the order given in the table. This ordering of vowels follows a counter-clockwise rotation through a articulation-based vowel quadrilateral ͑e.g., Shriberg and Kent, 2003; p. 28͒, or clockwise through a typical F1-F2 vowel space plot.
Collections of the second mode, 2 , for the six speakers are shown in Figs. 6͑c͒ and 6͑d͒. Though the similarity across speakers is perhaps not as visually apparent as for the first mode, the 2 's do possess some common features. The lip end of these modes is uniformly of high amplitude, suggesting that it would expand or constrict the mouth opening with positive and negative scaling coefficients, respectively. Moving posteriorly from the lips, each 2 drops sharply in amplitude and, for five speakers, crosses zero at a normalized distance from the glottis of about 0.8. SF1's second mode does not have a zero crossing at this point but does maintain a shape that is similar to the other speakers. The amplitude then drops further until a local minima is reached at a location ranging from 0.68 to 0.78 across the speakers. Continuing toward the glottal end, a local maxima is encountered for each speaker at a normalized distance between 0.4 and 0.5. As the amplitude drops again, the second mode for each of the females has a zero crossing at a distance of about 0.25. The 2 amplitudes for the males also drop but their subsequent zero crossings are not as closely aligned as they are for the females. Finally, for all speakers, the 2 amplitudes dip down to another local minima before returning to nearly zero amplitude at the glottal end. In general, the primary effect of the second mode on vocal tract shape is to expand or constrict both the lip end and the middle portion, depending on whether the scaling coefficient q 2 is positive or negative.
From Table IX , it is apparent that the largest positive value of q 2 occurred for the ͓ae͔ vowel of every speaker except SF2. Also, with the exception of SF2, the most negative value of q 2 is associated with either the vowel ͓*͔ or ͓u͔. Notwithstanding the results for SF2, this suggests that the second mode roughly corresponds to a continuum from lowfront to high-back vowels.
The primary features contributed to the vocal tract shape by the third mode, shown in Figs. 6͑e͒ and 6͑f͒ are complementary expansive or constrictive effects in both the pharyngeal and oral cavities. This is most apparent for the female speakers, but approximately true for the male speakers as well. Although only a small percentage of the variance is accounted for by this mode ͑see Table VIII͒, the simultaneous expansive effects in the pharyngeal and oral cavities, obtained with a negative scaling coefficient, would seem to be useful for enhancing vocal tract shapes with a mid-tract constriction. This is supported by Table IX where, for four of the six speakers, the largest negative value of q 3 occurred for the ͓u͔ vowel.
To provide a numerical assessment of the similarity of the mode shapes, a correlation coefficient was calculated for each speaker's modes relative to those of the other five speakers. The calculation was performed by dividing the covariance of a given pair of modes ͑e.g., 1 from SF1 and SF2͒ by the product of their standard deviations ͑e.g., Taylor, 1982͒ . Note that because normalized vocal tract length is assumed for all correlation calculations, female modes can be compared to male modes. The correlation coefficients are presented in Table X and are arranged so that female-female, female-male, and male-male comparisons within each mode can be readily observed. The upper part of the table indicates that the shape of the first mode is highly correlated among all of the speakers, which supports the visual comparisons dis- cussed previously. The highest correlation coefficients were R = 0.99 for the comparisons of SF1-SF2, SF2-SM1, and SF3-SM1. The lowest correlation for the first mode was R = 0.87 resulting from the comparison of SF2-SM3; this was the only R below 0.90. The mean correlation coefficient across all comparisons of the first mode was R 1 = 0.94 and is shown in the far left-hand column of the table. The correlation across speakers for the second mode was also fairly high as indicated by the mean coefficient of R 2 = 0.91. In addition, 11 of the 15 coefficients were greater than 0.90, while the low was 0.74. As expected from visual inspection, the shape of the third mode is less well correlated across speakers with R 3 = 0.44. The female-female comparisons did have R values that were 0.74 or greater, but any of the correlations involving male speakers were typically much lower than 0.70. Correlation coefficients are also presented in Table X for the mean area vectors of the six speakers. These vectors were generated from Eq. ͑4͒, but with the mode coefficients set to zero ͓i.e., /4⍀ 2 ͑i͔͒. For female-female comparisons, the correlation coefficients ranged from 0.89 to 0.93. These are fairly high, but somewhat less so than their correlations for either 1 or 2 . The correlations for male-male mean area vectors are comparatively low, and the female-male correlations are lower yet. The mean correlation coefficient across all of the comparisons is R = 0.71.
The low correlation for the mean area vectors across speakers suggests that they are somewhat more speakerspecific than either of the 1 or 2 modes. They are plotted for each female speaker in Fig. 7͑a͒ and for the male speakers in Fig. 7͑b͒ . Visually, the three female area vectors are similar to each other, but they also possess some idiosyncratic features such as differences in maximum crosssectional area and shape of the mid-portion of the vocal tract. For the male speakers, the mean area vectors appear more idiosyncratic than those of the females, as expected from the correlation analysis. For example, the cross-sectional areas within the pharyngeal portion of the vocal tract ͑i.e., between about 0.2 and 0.4͒ are similar for SM1 and SM3, but they differ in the oral cavity. In contrast, the oral cavity areas are similar for SM2 and SM3, but their pharyngeal areas differ by about 1.5-2.0 cm 2 . Frequency response functions for the six mean area functions were calculated and are plotted in Figs. 7͑c͒ and 7͑d͒. This calculation was performed with the methods described in Sec. II C and with the tubelet length set to the mean of a given speaker's set of ⌬'s as given in the next to last row of Tables XI-XVI. As indicated by Fig. 7͑c͒ , the first two formant frequencies were closely aligned for the female speakers, where F1 ranged from 684 to 744 Hz and F2 from 1675 to 1741 Hz. F1 and F2 were also similar for the male speakers ͓Fig. 7͑d͔͒. Their F1 values ranged from 536 to 626 Hz, while F2 ranged from 1430 to 1553 Hz. The values of F1 and F2 for both female and male speakers are approximately representative of a "neutral" vowel. That is, they are similar to those expected from a uniform tube with length appropriate for each speaker. There were, however, large differences in the locations of the upper formants, a frequency range where the idiosyncratic differences of the area vectors seem to exert their largest effect on the acoustic characteristics. Thus, each speaker's mean area vector could be considered to be a phonetically neutral vocal tract shape with regard to F1 and F2, but speaker-specific for higher frequency formants.
C. Mode coefficient-to-formant mapping
In the previous section, the spatial similarity of the mode shapes across speakers was assessed by visual inspection and with correlation analysis. To a large degree, the vocal tract shape changes imposed by the modes were found to be similar regardless of the speaker. It follows that the modes should also similarly affect the formant frequencies supported by area functions generated with Eq. ͑4͒, but perhaps with speaker-specific characteristics due to the underlying neutral shape on which the modes are superimposed.
To demonstrate the acoustic effects of the modes, a mapping was generated for each speaker that linked the three scaling coefficients ͑q 1 , q 2 , and q 3 ͒ to the first two formant frequencies ͑F1 and F2͒. This was motivated by a similar approach used by Story and Titze ͑1998͒ for two modes and is capable of producing thousands of area function configurations that did not exist in a given speaker's original area function set. The first step was to generate an equal increment continuum for each mode coefficient that ranged from their respective minimum to maximum values ͑see Table IX͒. The increments were specified as
where M, N, and K were the number of increments along each coefficient dimension. Since the first two modes accounted for most of the variance in the original data sets ͑i.e., Table VIII͒ , it was assumed that they would have the largest acoustic effects. Hence, the sampling along the q 1 and q 2 continua was chosen to be more dense than for q 3 , such that M, N, and K were set to 60, 60, and 5, respectively. The coefficient continua were then generated by q 1m = q 1 min + m⌬q 1 , m = 0, ... ,M − 1, ͑6a͒ q 2n = q 2 min + n⌬q 2 , n = 0, ... ,N − 1, ͑6b͒
with m, n, and k serving as indexes along each continuum. By modifying Eq. ͑4͒ to contain only three modes and to eliminate the dependency on a specific vowel ͑i.e., jth vowel͒, an area vector can be generated with FIG. 7 . Mean area vectors and calculated frequency response functions for six speakers. ͑a͒ Area vectors for SF1 ͑thick͒, SF2 ͑dashed͒, and SF3 ͑thin͒; ͑b͒ area vectors for SM1 ͑thick͒, SM2 ͑dashed͒, and SM3 ͑thin͒; ͑c͒ frequency response functions corresponding the female area vectors in ͑a͒; and ͑d͒ frequency response functions corresponding the male area vectors in ͑b͒.
A mnk ͑i͒ = 4 ͓⍀͑i͒ + q 1m 1 ͑i͒ + q 2n 2 ͑i͒ + q 3k 3 ͑i͔͒ 2 ,
This suggests that the three continua ͓Eq. ͑6͔͒ form a parametric "articulation" space in the sense that any combination of the coefficients produces a vocal tract shape. With q 3 held constant at zero, the continua for the first two modes can be viewed as a 60ϫ 60 two-dimensional space consisting of all possible combinations of q 1m and q 2n . An example, based on SF1's coefficient set, is shown in Fig. 8͑a͒ , where every intersection point in the grid represents a ͓q 1 , q 2 ͔ pair. The thick solid and dashed lines indicate the continua for the first and second modes, respectively, when the other coefficient is zero. These represent the isolated spatial effect of each mode on the vocal tract shape, while all other lines ͑vertical or horizontal͒ in the grid are comprised of a nonzero contribu-TABLE XI. Area vectors for the 11 vowels of speaker SF1. Each original area function has been segmented to consist of 44 area sections; the length of each section is given by ⌬. The glottal end of each area vector is at section 1 and the lip end at section 44. The total vocal tract length ͑VTL͒ is computed as 44⌬. tion from both coefficients. The inset plots within Fig.  8͑a͒demonstrate the area vector shapes generated at the end points of the 1 and 2 lines. When q 3 is nonzero a third dimension is added to the articulation space. The q 2 vs q 1 grid will be the same as in Fig. 8͑a͒ , but can be considered to be shifted along the q 3 dimension. This is demonstrated in Fig. 8͑b͒ , again based on SF1's coefficients, where the dark grid in the middle is the case when q 3 = 0, and the other two lighter grids are positioned at the minimum and maximum values of q 3 , respectively. Although K = 5, only three grids are shown along the q 3 dimension to preserve the visual clarity of the figure.
To complete the mapping for a given speaker ͑e.g., SF1͒, Eq. ͑7͒ was used to generate an area vector for every coefficient combination within that speaker's three-dimensional coefficient space. A length vector was also generated in which the tubelet length ͑and consequently vocal tract length͒ was held constant for each speaker at the same mean values used to calculate frequency responses of the mean area functions in Sec. IV B. Finally, for each newly created area function, a set of formant frequencies was calculated.
Results for each of the six speakers are shown in the vowel space plots of Fig. 9 . Within each figure panel is a dark, solid-lined grid of 3600 ͓F1, F2͔ pairs that corresponds to a particular speaker's ͓q 1 , q 2 ͔ grid when q 3 = 0. The thick white lines ͑solid and dashed͒ indicate the formant frequency pairs that are produced in this same grid when either q 1 or q 2 are zero, thus demonstrating the acoustic effect of 1 or 2 by itself. The intersection point of these two lines gives the values of F1 and F2 when all three scaling coefficients are zero ͑i.e., the "neutral" location͒. There are five lighter, dashed grids "underneath" the dark one that are ͓F1, F2͔ pairs associated with the ͓q 1 , q 2 ͔ grids as they are shifted along the q 3 dimension. It is not intended that their separation be visible, but rather it is the extension of the vowel space around the dark grid provided by the third mode that is of interest. The four white dots ͑outlined in black͒ in each panel, plotted in clockwise order starting at the upper left corner, are the ͓F1, F2͔ pairs measured from the audio recording of each speaker's ͓i͔, ͓ae͔, ͓Ä͔, and ͓u͔ vowels ͑see Tables II-VII͒.  Taking SF1 as an example, the solid white line in Fig.  9͑a͒ represents the acoustic mapping of the q 1 coefficient continuum shown previously as the black, horizontal line in Fig. 8͑a͒ . This demonstrates that the primary acoustic effect of 1 is to generate a low F1 and high F2 when its scaling coefficient q 1 is large and negative, and produces a fairly high F1 and low F2 when q 1 is large and positive. Such a result is not unexpected based on the mode coefficient table ͑Table IX͒ which suggests that 1 roughly represents vowels along the high-front to low-back continuum. The acoustic effect of 2 , shown by the dashed white line, is to increase both F1 and F2 as the q 2 coefficient is increased from its most negative to most positive values. This result is also suggested by the mode coefficients in Table IX , where the largest negative and positive values of q 2 were typically associated with high-back and low-front vowels, respectively.
The dark grid in Fig. 9͑a͒ shows how the entire rectangular ͓q 1 , q 2 ͔ coefficient space of Fig. 8͑a͒ becomes deformed when mapped to the acoustic space. For the most part the characteristic shape of the 1 and 2 mappings ͑white lines͒ are retained throughout the grid and appear to influence its overall shape. This grid also demonstrates that the mapping between formant frequencies and mode coefficients is essentially one-to-one. That is, one ͓F1, F2͔ pair corresponds to one ͓q 1 , q 2 ͔ pair in Fig. 8͑a͒ . A similar one-to-one mapping of this type was reported by Story and Titze ͑1998͒. Also observable in Fig. 9͑a͒ are the effects of the third mode on the acoustic mapping. Denoted by the light grids are the ͓F1, F2͔ pairs corresponding to the ͓q 1 , q 2 ͔ grids in Fig. 8͑b͒ that have been shifted along the q 3 dimension. The most negative values of q 3 tend to lower both F1 and F2, extending the formant space to a region more representative of an ͓u͔ vowel. Large positive values of q 3 generally have the opposite effect of increasing F1 and F2. It is noted that all of the formant pairs for the measured vowels lie outside the dark grid, although ͓i͔ and ͓Ä͔ are located just at the edge. This suggests that, for this speaker, the third mode is necessary to adequately represent her vowel space, especially for ͓u͔ and ͓ae͔.
The characteristics of the acoustic mappings for the other speakers shown in Fig. 9 are similar to those of SF1. It is evident that the independent effect of 1 on the vowel space ͑thick white lines͒ is to generate low F1 and high F2 frequencies at one end of the q 1 continuum and high F1 and low F2 frequencies at the other. Likewise, for all speakers, 2 's effect ͑dashed white lines͒ is to produce F1s and F2s that are both low in frequency at the negative end of the q 2 continuum and both high in frequency at the positive end. There are, however, speaker-specific differences. For example, the 1 line for SF2 has a relatively shallow slope and lacks the distinct curvature near the endpoints exhibited by the other speakers. This contrasts most apparently with the steepness of SM3's 1 line as well as with the curved portions at both the upper left and lower right ends of the line. For each speaker, the characteristic shape of their 1 and 2 lines is essentially retained throughout the entire vowel space mapping and influences its overall shape. Furthermore, the dark grids, representing the cases when q 3 = 0, all represent nearly one-to-one mappings between the ͓q 1 , q 2 ͔ coefficient space and the ͓F1, F2͔ acoustic space. The exception is for SM3 ͓Fig. 9͑f͔͒ where the upper left portion of his ͓F1, F2͔ grid indicates that multiple coefficient pairs correspond to the same ͓F1, F2͔ pair. This seems to be due in part to the steepness of 1 line. When the q 3 dimension is included, the formant space for all speakers is slightly expanded. A consequence of this expansion is that, with the exception of the ͓u͔ vowel for SM1, all of the measured formant pairs for the four vowels are included within each speaker's producible formant space. The mapping between the three-dimensional coefficient space and ͓F1, F2͔ formant space, however, is not one-to-one because many ͓q 1 , q 2 , q 3 ͔ triplets may correspond to the same ͓F1, F2͔ pair. It is apparent though, from all of the speakers, that the primary effect of 3 is to slightly extend the edges of the vowel space relative to the q 3 = 0 condition. Thus, based on these figures, as well as on the calculated variances for each mode ͑see Table VIII͒, it seems reasonable to suggest that the nearly one-to-one mappings based on 1 and 2 capture most of a speaker's vowel production, while 3 may be "activated" to tune the vocal tract for the extreme vowels.
V. DISCUSSION
The main goal of this study was to determine whether vocal tract shaping patterns, obtained from sets of area functions, were similar across speakers. Toward this goal, area functions for 11 vowels were obtained from six speakers, three female and three male, using MRI. From each speaker's set of area functions, eigenvectors or modes were determined with principal components analysis ͑PCA͒.
The spatial similarity of each mode was assessed by visual comparison across all of the speakers as well as with correlation analysis. In both cases, the spatial features present in the first and second modes, 1 and 2 , were highly correlated within the female and male groups, and across sex. The average correlation coefficient across all six speakers was 0.94 for the first mode and 0.91 for the second mode. The shape of third mode, 3 , was fairly similar across the female speakers, but less so for the males. It is also noted that the mean area vectors, upon which the modes are superimposed to reconstruct specific vowels, contained more idiosyncratic features than did the modes. Acoustically, these idiosyncratic features primarily influenced the frequencies of the upper formants, while leaving F1 and F2 at locations representative of a neutral vowel. Thus, at this stage, the modes appeared to provide roughly a common system for perturbing a unique underlying neutral vocal tract shape.
This idea was further supported by the mappings generated between the scaling coefficients of the modes ͓q 1 , q 2 , q 3 ͔ and the ͓F1, F2͔ frequencies of the resulting area functions. The mappings were unique for all six speakers in terms of the exact shape of the ͓F1, F2͔ vowel space, but the general effect of the modes was the same in each case. Vocal tract configurations produced by the first modes gave rise to a continuum of formant pairs over which F1 and F2 monotonically increased and decreased, respectively. In contrast, the second mode produced a continuum of formants over which both F1 and F2 monotonically increased. In addition, these mappings were essentially one-to-one when just the first two modes were considered. This means that an ͓F1, F2͔ pair in a given speaker's vowel space could be associated with one pair of ͓q 1 , q 2 ͔ coefficients.
A similar one-to-one mapping, based on the calculated modes of a male speaker, was reported by Story and Titze ͑1998͒. They later used the mapping in the "reverse" direction to transform time-varying formant frequencies obtained from recorded speech into time-varying mode coefficients. These were then used to generate area functions for synthesis of the original speech. Presumably the mappings presented in Fig. 9 could be similarly used to map formants to coefficients and ultimately to area functions. With regard to understanding how the vocal tract airspace is utilized for speech production, however, perhaps it is of more interest to note that the magnitudes of the mode scaling coefficients for the speakers in the present study ͑see Table IX͒ as well as in Story and Titze ͑1998͒ are of nearly the same range. This means that a transformation of formant frequencies of some utterance for a given speaker may yield scaling coefficients that could potentially generalize across all of the speakers. Likewise, "forward" specification of a sequence of coefficients that vary in time would, for all speakers, generate the same vowel-to-vowel transition but with different absolute formant frequencies.
Whereas the modes seem to capture some type of common shaping patterns of the vocal tract airspace, they cannot FIG. 8 . ͑a͒ Grid of q 1 and q 2 scaling coefficients based on speaker SF1. The thick solid and dashed lines represent the continua for q 1 and q 2 , respectively, when the other coefficient is equal to zero and are labeled with 1 and 2 . The inset plots demonstrate the area vector shapes generated at the end points of the 1 and 2 lines. ͑b͒ Extension of the coefficient space to account for three modes. The ͑q 1 , q 2 ͒ grid located at q 3 = 0 is identical to the grid shown in ͑a͒. The other two grids include the same collection of ͑q 1 , q 2 ͒ values but are shifted along the q 3 dimension.
be directly related to specific articulators. This may be regarded as a limitation of the study because little can be said about the actual articulatory coordination used for speech production. The data and subsequent analyses presented here, however, imply the existence of a common system for deforming the vocal tract shape that facilitates production of predictable patterns of formant frequencies, an essential component of efficient speech production. In this sense, perhaps the modes or combinations thereof prescribe a "goal" that some collective coordination of the articulators must achieve. Thus, even though variable positions and movement of articulators may be utilized during speech production, the goal would be achieved if the common deformation patterns, of the type predicted by the modes, are indeed generated by their collective effect. Although no information concerning muscle activity was presented in this study, the mode shapes apparently must represent some level of muscle orchestration that influences the shape of the vocal tract. To a degree consistent with the concept of coordinative structures or synergies in which muscles are organized into functional units, each of the modes may be thought to represent some abstract synergy of articulatory muscle activations that produce a desired acoustic effect.
Further investigation of the mode-based approach to vowel articulation needs to include vocal tract information based on languages other than American English. The results presented here may be inadvertently biased toward vocal tract configurations with expanded palatal regions ͑i.e., only 4 of the 11 vowels have significant constrictions in this region͒. It is possible that speakers of a language that includes the same American English vowels used in this study, as well as additional vowels with constricted front cavities ͑e.g., FIG. 9 . Coefficient-to-formant mappings for each of the six speakers based the area functions generated with Eq. ͑7͒. The left column of plots corresponds to the female speakers and the right column to the males. Within each figure panel, the dark grid is the mapping obtained when q 3 =0, the white lines ͑solid and dashed͒ represent the effect of each mode in isolation, the four white dots are the ͓F1, F2͔ pairs measured from each speaker's audio recording of the ͓i, ae, Ä, u͔ vowels, and the light grids indicate the effect of 3 .
Swedish͒ may produce somewhat different mode shapes than those reported here. In addition, the vocal tract length differences across vowels should be more adequately accounted for in the PCA, as well as in subsequent models for generating area functions.
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APPENDIX A-Area Vectors and Vocal Tract Lengths
Area vectors for the three female and three male speakers are presented numerically in Tables XI-XVI. The first column in each table is the index i, which denotes successive sections or "tubelets" along the length of the vocal tract. Tubelet I is located just above the glottis and tubelet 44 at the lips. The other columns are the area data for the vowels in the order: ͓i, (, e, ,ae, #, Ä, Å, o, *, u͔. For reasons noted in the main text, the ͓͔ vowel for SM2 cannot be made available. The bottom two rows in each table indicate the length ⌬ of each successive section and the total vocal tract length ͑VTL= 44⌬͒.
APPENDIX B-Mean Diameter and Mode Vectors
Numerical versions of the mode vectors, 1 ͑i͒, 2 ͑i͒, and 3 ͑i͒, along with the mean diameter vectors ⍀͑i͒ are presented in Table XVII for the female speakers and in Table  XVIII for the males. As with the area vectors in Appendix A, the first column of each table shows the index i which denotes successive sections along the length of the vocal tract.
1
The use of 44 sections derives from the approximate spatial resolution obtained in MRI-based reconstructions of vocal tract shape. It is also convenient to use 44 elements for simulating male speech with acoustic waveguide models because it allows for a sampling frequency of 44.1 kHz when the tract length is approximately 17.5 cm ͑typical adult male͒. The female TABLE XVIII. Mode and mean diameter vectors for the three male speakers. The glottal end of each area vector is at section 1 and the lip end at section 44. Each speaker's data are grouped into four consecutive columns within the 
